A New Measurement of the 7r° Radiative Decay Width 
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High precision measurements of the differential cross sections for n° photoproduction at forward 
angles for two nuclei, 12 C and 208 Pb, have been performed for incident photon energies of 4.9 - 
5.5 GeV to extract the tv° — } 77 decay width. The experiment was done at Jefferson Lab using the 
Hall B photon tagger and a high-resolution multichannel calorimeter. The it — > 77 decay width was 
extracted by fitting the measured cross sections using recently updated theoretical models for the 
process. The resulting value for the decay width is r(7r° —5-77) = 7.82±0.14 (stat.)±0.17 (syst.) eV. 
With the 2.8% total uncertainty, this result is a factor of 2.5 more precise than the current PDG 
average of this fundamental quantity and it is consistent with current theoretical predictions. 



PACS numbers: 11.30.Rd, 13.40.Hq, 13.60.Le 

The 7T° — )• 77 decay represents one of the key processes 
in the anomaly sector of QCD. It provides the main test 
of the chiral anomaly [3, [3] and at the same time of the 
Nambu-Goldstone nature of the 7r° meson. The 7r° — > 77 
decay amplitude is determined by the chiral anomaly re- 
sulting from the coupling of quarks to the electromag- 
netic field. In the limit of vanishing quark masses (chiral 
limit) the amplitude is exactly predicted and is expressed 
in terms of the fine structure constant, the 7r° decay con- 
stant, and the number of colors of QCD [HQ. I n the 



real world there are corrections due to the non- vanishing 
quark masses. These corrections are primarily a result 
of state mixing effects in the 7r° meson, which result 
from the isospin symmetry breaking by m u < md [H, 0] • 
The corrections have been analyzed in the framework of 
Chiral Perturbation Theory (ChPT) up to order 

p 6 (NLO in Fig. [1]), and shown to lead to an enhance- 
ment of about 4.5% in the 7r° decay width with respect 
to the case where state mixing is not included (LO in 
Fig. [T]). The estimated uncertainty in the ChPT predic- 
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tion is 1% Corrections to the chiral anomaly have also 
been performed in the framework of QCD using disper- 
sion relations and sum rules 0] (Ioffe07 in Fig. [T]). The 
fact that the corrections to the chiral anomaly are small 
and they are known at the 1% level makes the ir° 77 
decay channel a benchmark process to test one of the 
fundamental predictions of QCD. 

The current average experimental value for the ir° de- 
cay width given by the Particle Data Group (PDG) @ 
is T(tt° — > 77) = 7.74 ± 0.55 eV. This value is an aver- 
age of four experiments with much larger dispersion be- 
tween both the decay width values and their quoted ex- 
perimental uncertainties, as shown in Fig. Q] The most 
precise Primakoff type measurement was done at Cor- 
nell by Browman et al. fgj with a 5.3% quoted total un- 
certainty: r(7T° -> 77) = 7.92 ± 0.42 eV. This result 
agrees within experimental uncertainty with the theoret- 
ical predictions. Two other measurements [HI El with 
relatively large experimental uncertainties (~ 11% and 
~ 7%) differ significantly from each other and do not 
agree with the theoretical predictions. The most precise 
measurement of the tt° decay width, prior to the current 
PrimEx experiment, was made by Atherton et al. [l2[ 
using the direct method of measuring the mean decay 
length of 7r°s produced by a high energy proton beam 
at CERN. Their result with the quoted 3.1% total un- 
certainty, r(7r° ->• 77) = 7.25 ± 0.18 ± 0.14 eV is ~ 4cr 
lower than the NLO ChPT prediction of Ref. Q. 

Clearly, a new Primakoff type experiment with a pre- 
cision comparable to, or better than, the direct method 
measurement [l2| was needed to address the experimen- 
tal situation on this fundamental quantity. 

The PrimEx experiment [l3| was performed in fall 2004 
at the Thomas Jefferson National Accelerator Facility. It 
utilized the Hall B high precision photon tagging facil- 
ity [3] together with a newly developed high resolution 
electromagnetic calorimeter. The combination of these 
two techniques greatly improved not only the angular 
resolutions, which are critical for Primakoff type mea- 
surements, but significantly reduced the systematic un- 
certainties that were present in previous experiments. 

Tagged photons with known timing and energy were 
incident on two 5% radiation length targets of 12 C and 
208 Pb [HI. The photon tagging efficiencies were con- 
tinuously measured during the experiment with a e + e~ 
pair spectrometer (PS) consisting of a ~ 1.7 T-m large 
aperture dipole magnet and two telescopes of scintillat- 
ing counters located downstream of the targets. The ab- 
solute normalization of the photon beam was measured 
periodically with a total absorption counter (TAC) at low 
beam intensities. 

The decay photons from ir° — > 77 were detected 
in a multichannel hybrid electromagnetic calorimeter 
(HyCal) located 7.5 m downstream from the targets to 
provide a large geometrical acceptance (~70%). HyCal 
consists of 1152 PbW04 crystal shower detectors (2.05 x 
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77 decay width in eV. The dashed horizontal 
line is the LO chiral anomaly prediction. NLO ChPT predic- 
tion [J is shown as the shaded band on r.h.s. The l.h.s shaded 
band is the prediction from Ref. [7j]. The experimental results, 
included in the PDG average, are for: (1) done with the direct 
method Q, (2, 3, 4) with the Primakoff method HQ, and 
(5) is the current PrimEx result. 



2.05 x 18.0 cm 3 ) in the central part, surrounded by 576 
lead glass Cherenkov counters (3.82 x 3.82 x 45.0 cm 3 ). 
Four crystal detectors were removed from the central part 
of the calorimeter (4.1 x 4.1 cm 2 hole in size) for passage 
of the high intensity (~ 10 7 7/s) incident photon beam 
through the calorimeter [lj| • Twelve 5-mm-thick scintil- 
lator counters, located in front of HyCal, provided rejec- 
tion of charged particles and effectively reduced the back- 
ground in the experiment. To minimize the decay pho- 
ton conversion in air, the space between the PS magnet 
to HyCal was enclosed by a helium bag at atmospheric 
pressure. The photon beam's position stability was moni- 
tored during the experiment by an X-Y scintillating-fiber 
detector located downstream of HyCal. 

The experimental trigger was formed by requiring co- 
incidences between the photon tagger in the upper energy 
interval (4.9 - 5.5 GeV) and HyCal with a total deposited 
energy greater than 2.5 GeV. The combination of the 
photon tagger and the calorimeter defined the following 
main event selection criteria in this experiment: (1) tim- 
ing between the incident photon and the decay photons 
in the calorimeter (<r t = 1.1 ns); (2) ratio of the total 
energy in the calorimeter and the tagger energy, "elastic- 
ity", (<7 e ; = 1.8%); (3) invariant mass of the two photons 
(M 77 ) reconstructed in the calorimeter (shown in Fig. [2J . 

The event yield (number of tt° events for each produc- 
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tion angle bin) was obtained from the data by applying 
the selection criteria described above and fitting the ex- 
perimental distributions of "elasticity" and M 77 for each 
angular bin. The typical background in the event selec- 
tion process was only a few percent of the real signal 
events (see Fig. [2]). However, the uncertainty of 1.6% in 
the background extraction in this much upgraded exper- 
iment still remained one of the largest contributions to 
the total systematic uncertainty. 
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FIG. 2: Typical distribution of reconstructed "elasticity" (left 
panel) and M 77 (right panel) for one angular bin. 

The extraction of differential cross sections from the 
experimental yields requires an accurate knowledge of the 
total photon flux for each tagger energy bin, the number 
of atoms in the target, the acceptance of the experimental 
setup and the inefficiencies of the detectors. The uncer- 
tainty reached in the photon flux measurement, as de- 
scribed above, was at the level of 1% 171. Different tech- 



niques have been used to determine the number of atoms 
in both targets with an uncertainty less than 0.1% (lij . 
The acceptance and detection efficiencies and their un- 
certainties were calculated by a GEANT-based Monte 
Carlo code that included accurate information about the 
detector geometry and response of each detector element. 
Other than accidental backgrounds, some physics pro- 
cesses with an energetic 7r° in the final state can poten- 
tially contribute to the extracted yield. The uj photopro- 
duction process through the ui — > 7r°7 decay channel is 
the dominant contribution to the background. The fit 
of the experimental data, as described below, with the 
subtracted physics background changes the extracted tt° 
decay width by 1.4% with an uncertainty of 0.25%. 

The resulting experimental cross sections for 12 C and 
208 Pb are shown in Figs. [3] and [4] along with the fit results 
for individual contributions from the different 7r° pro- 
duction mechanisms. Two elementary amplitudes, the 
Primakoff (one photon exchange), Tp r , and the strong 
(hadron exchange), Tg, contribute coherently, as well as 
incoherently in 7r° photoproduction from nuclei at for- 



ward angles. The cross section of this process can be ex- 
pressed by four terms: Primakoff (Pr), nuclear coherent 
(NC) , interference between strong and Primakoff ampli- 
tudes (Int), and nuclear incoherent (NI): 

,h \T Pr + e^T s ? ' h - 
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where ip is the relative phase between the Primakoff and 
the strong amplitudes. The Primakoff cross section is 
proportional to the it decay width, the primary focus of 
this experiment Q: 
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where Z is the atomic number; to, (3, 9^ are the mass, 
velocity and production angle of the pion; E is the energy 
of the incident photon; Q is the four-momentum transfer 
to the nucleus; Fem(Q) is the nuclear electromagnetic 
form factor, corrected for final state interactions (FSI) 
of the outgoing pion. The FSI effects for the photopro- 
duced pions, as well as the photon shadowing effect in nu- 
clear matter, need to be accurately included in the cross 
sections before extracting the Primakoff amplitude. To 
achieve this, and to calculate the NC and NI cross sec- 
tions, a full theoretical description based on the Glauber 
method was developed, providing an accurate calculation 
of these processes in both light and heavy nuclei 18, ljj . 
For the NI process, an independent method based on 
the multi-collision intranuclear cascade model [20[ was 
also used to check the model dependence of the extracted 
decay width. The uncertainty in the decay width from 
model dependence and the parameters inside of the mod- 
els was estimated to be 0.3%. 

The r(7r° — > 77) decay width was extracted by fitting 
the experimental results with the theoretical cross sec- 
tions of the four processes mentioned above folded with 
the angular resolutions (ag = 0.6 mrad) and the mea- 
sured energy spectrum of the incident photons. In the fit- 
ting process, four parameters, r(7r° — > 77), Cnc, Cni> V, 
were varied to calculate the magnitude of the Primakoff, 
NC, NI cross sections and the phase angle, respec- 
tively. Independent analyses of the experimental data 
by two groups within the PrimEx collaboration yielded 
the weighted averages of the extracted decay widths for 
12 C and 208 Pb presented in Table H 

The extracted decay width combined for the two tar- 
gets is r(7r° ->■ 77) = 7.82±0.14 (stat.)±0.17 (syst.) eV. 
The quoted total systematic uncertainty (2.1%) is the 
quadratic sum of all the estimated uncertainties in this 
experiment. The systematic uncertainties were verified 
by measuring the cross sections of the Compton scatter- 
ing and the e + e~ production processes. The extracted 
cross sections for these well-known processes agree with 
the theoretical predictions at the level of 1.5% and will 
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FIG. 3: Differential cross section as a function of ir° pro- 
duction angle for 12 C together with fit (x 2 /Ndf = 152/121) 
results for the different physics processes (see text for expla- 
nations). 




FIG. 4: Differential cross section as a function of it produc- 
tion angle for 208 Pb together with fit (x 2 /N df = 123/121) 
results for the different physics processes (see text for expla- 
nations). 

be published separately. The PrimEx result, with a to- 
tal experimental uncertainty of 2.8%, is the most precise 
Primakoff type measurement of the T(ir° 77) to date. 
It is a factor of two- and- a- half more precise than the cur- 
rent average value quoted in the Particle Data Group 
for this important fundamental quantity. As a single ex- 
perimental result, it directly confirms the validity of the 
chiral anomaly in QCD at the few percent level. The 
goal of the PrimEx experiment has been to test the chi- 
ral anomaly and the corrections to it in the 7r° decay 
width with high precision. The second phase of this ex- 



TABLE I: The fit values extracted from the measured cross 
sections on 12 C and 20S Pb. The values for the decay widths 
are the weighted averages from two analyses. The uncertain- 
ties shown here are statistical only (see text for notations). 



periment is currently planned to run at Jefferson Lab to 
achieve the projected 1.4% precision. 
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